I. INTRODUCTION
Frequency converters (FC) are used in all kinds of mechatronic applications for speed control. The drawback of these power electronic components is that high electromagnetic interference levels on power lines, motor cables and via radiated electromagnetic fields are generated. The cables and motor are the main cause of radiation and thus filtering of mains supply and motor cables is necessary. Traditionally filters are designed after the construction of the FC. The EMI emission phenomenon is complex, and in the case of passive filtering [1] , chokes are designed in a "cut and try" process with significant issues as size, cost and weight [2] , [3] .To avoid the construction of several prototypes, often oversized, designers need an analytical method to predict performances of filters. That is the reason why a dynamic behavioural model of common mode chokes is proposed in this paper.
Major criteria of a behavioural model for common mode chokes:
• The noise spectrum of EMI in FC is usually spread from around 10 kHz to several decades of MHz. The frequency dependence of parameters of the choke has to be taken into account to provide an accurate model even at higher frequencies.
• The model is predictive: it is assumed that designers do not have access to a prototype and to experimental values. The usage of models as "scaled circuit" is not possible in this configuration. In addition to electrical information like voltages and currents, others parameters of the predictive model have to be provided by literature or manufacturers.
• The prediction method has to permit the integration of all parasitic elements. In software widely used like Pspice ®, it leads to very small time constants and to serious convergence problems.
• A common problem of common mode chokes is the magnetic saturation. Specific attention in its modelling is required.
• Time domain as well as frequency domain might be needed by designers.
•
The predictive model will be a 'black box' for designers. It only requires several parameters as inputs and provides outputs needed in graphs or tables. The software Simulink ®, for its friendly interface and its combined usage with Matlab ®, is chosen to develop the model presented.
In the first part, the topology and methods used to model the different properties of a common mode choke are presented. In the second part theoretical results are compared to measurements. The focus will be on a toroid core with 2 windings as illustrated in Figure 1 . • Saturation.
A. Parasitic parameters
The parasitic stray capacitance is composed of the winding capacitance (C w , C w ') and the turn to turn capacitances (C tt , C tt '). The winding capacitances tend to decrease the efficiency of the CMC regarding the CM current attenuation while the turn to turn capacitances tends to improve the differential mode current attenuation. Intra winding capacitances are negligibly small in most applications. Approximations of theirs values are detailed in Table 1 
1) CM impedance :
The value of the CM impedance is strongly related to the value of the permeability of the core. As detailed in [6] the ferrite core introduces frequency variable impedance in the circuit. The core will not affect the lower frequency operating signals but does block the conduction of EMI. The permeability of a ferrite is a complex parameter consisting of a real part and an imaginary part. The real component represents the reactive component and the imaginary part represents the losses. The CM impedance of a CMC can be represented by the series equivalent circuit of a ferrite suppression core: the loss free inductor (L s ) is in series with the equivalent loss resistor (R s ). The flowing equation relates the series impedance and the complex permeability. This impedance is usually measured and an approach by polynomial approximation is made. In [7] a model is proposed of frequency dispersion of complex permeability in ferrites. The permeability spectra of ferrite materials can be described by the superposition of two kinds of resonance phenomena (domain-wall resonances and gyromagnetic spin rotation).
They depend on the characteristic dispersion parameter. Their values can widely differ from one material to another and are given in Table 2 for two sintered materials. Figure 3 represents the complex permeability of a sintered MnZn ferrite. The real and imaginary parts of the complex permeability can be modelled with the following equations: 2  2  2  2  2  2  2   2  2  2   2  2  2  2  2   2   2  2  2  2  2  2  2   2  2  2  2  2   2  2  2  2  2 The combination of these two methods needs parameters provided by manufacturer: the magnetic permeability μ, coactivity H Figure 2 ). The value of the impedance seen at this place from the motor, between the two phases (Ze in Figure 2 ) and between one phase and the ground (Zg in Figure 2 ) are also needed. The kind of control provided by the converter (load or voltages) indicates which values from currents or voltages will remain the same after the introduction of the CMC in the circuit. These values in addition of the characteristics of the common mode choke allow evaluation of performances of the CMC with 4 attenuation coefficients. 
2) DM impedance :
The value of the DM impedance is related to leakage inductances, and so to spaces within the wiring system. For a more accurate estimation formulae are available in the literature Currents i [8] and presented in Table 1 .
1 ' and i 2 ' are the current initially flowing at the output of the frequency converter. Currents i a and i b represent the current flowing at the output of the frequency converter when the common mode choke is placed in the circuit. These currents can be predicted from the initial setup and the known impedances of the common mode choke with the following relations:
C. Saturation
To predict the performance of common mode chokes accurately, a saturation model applicable under both steady state and transient magnetic excitation is necessary. Several approaches [9] have been developed to predict the major B-H loop of ferrites. In particular the Jiles-Atherton model [10] is convenient. It comprises a first order non-linear differential equation which can be solved numerically to give the magnetization M, as function of the applied magnetic field H. In The B-H loop is dependent of the topology of the cores and the main drawback of this method in a predictive model is the need of experimental extraction of the so-called 'Jiles Atherton parameters' on the CMC itself. A solution is to combine the Jiles-Atherton model with the extraction parameters algorithm of the parameters described in [12] . The currents i a and i b are predicted via four attenuation coefficient parameters depending on the common mode choke characteristics and the circuit configuration. This new model combines an evaluation of the parasitic capacitances and the DM impedance by formulae widely used in literature, an accurate evaluation of the complex permeability which plays a key role in the value of the CM impedance, and an accurate model to predict the B-H loop whose characteristics depend on the topology of the CMC.
E. Summary of the common mode choke model design
The parameters needed for the designer to use this model are: geometrical dimensions of the core, the magnetic characteristic of the core, and the value of the impedance seen from the motor in addition of values of currents and voltages measured at the future location of the choke under design.
III. RESULTS
Measurements have been performed on a common mode choke presented in Figure 6 . Its characteristics have been measured with an Impedance/Gain-Phase Analyser (HP 4194A) between 100Hz and 40 MHz. Results are presented from in Figure 7 .
The core is made of iron powder material (Fe). It may be used as pure inductor up to approximately 200 kHz. The resistive losses dominate thereafter up to approximately 3 MHz as presented in 
